ABSTRACT The bilateral teleoperation technique has drawn much attention with its attractive superiority to implement the tasks in hazardous environments. Transmission delays and uncertainties are the two main challenges in the nonlinear bilateral teleoperation system to guarantee stability and achieve good transparency performance (including position tracking and force feedback) simultaneously. In this paper, a radial basis function neural network (RBFNN)-based adaptive sliding mode control design is developed for the nonlinear bilateral teleoperation system with transmission delays and uncertainties. For details, the reference trajectory producer is designed in both the master and slave sides to produce the passive reference trajectories for the tracking of master/slave manipulators. The RBFNN-based adaptive sliding mode controller is designed separately for the master and slave to achieve the good tracking performance under system uncertainties. To mitigate the negative effect of transmission delays on the system's stability, a projection mapping by saturation function is applied in the master side to guarantee the boundedness of the delayed environmental torque. Thus, the global stability and the good transparency performance with both position tracking and force feedback can be simultaneously achieved for our proposed method. The comparative experiment is carried out, and the results show the significant performance improvement with our proposed control design.
I. INTRODUCTION
With the advancement of automation and robotics [1] - [9] , the bilateral teleoperation technique, which is an efficient and secure approach to implement the remote tasks in hazardous or extreme environments with force feedback, has been applied in numerous fields such as the undersea exploration, medical surgery, and so on [10] - [12] . A typical bilateral teleoperation system consists of the human operator, master, communication channel, slave and the environment [13] , as shown in Fig.1 , where the master is operated by human operator in a safe place and send reference command signals to the slave through communication channel, and the slave tracks the received signals to perform the operation in the environments and transmits the environment information back to the master [14] .
Stability and transparency are the two non-negligible performances in the bilateral teleoperation system, which have been investigated for several decades [15] , [16] . The stability of a bilateral teleoperation system must be guaranteed in case of the transmission delays between master and slave subsystem with nonlinearities and uncertainties, while the transparency with both position tracking and force feedback requires the slave to imitate the behavior of the master manipulator and the remote environment to be perceived by the human operator [17] . However, these two performances are affected by the great nonlinearities and uncertainties of the master/slave subsystems with the transmission delays [18] .
The transmission delays, which are the inherent property in the communication channel to deteriorate system's stability, have been studied for many years [19] . The passivity-based control scheme [20] - [24] is developed to maintain the passivity of the bilateral teleoperation system with transmission delays, which guarantees the system's closed-loop stability. For example, the scattering operator [20] , [21] is introduced to judge the passivity of the bilateral teleoperation system with the architecture of 2-port network. The time-domain passivity architecture [22] is developed to guarantee the stability by the design of observer to maintain the energy conservation of the bilateral teleoperation system. The wave-variable transform [23] , [24] is introduced to convert the power signals in the communication channel to the wave variables, which guarantees the system's stability. However, the obvious drawback of passivity-based control scheme is that the system may exist some performance deficiencies (e.g., wave reflection), which will largely decrease the transparency performance of teleoperation system [16] . The four-channel architecture, which relies on the control parameter fit between the master and slave subsystems, is an useful approach to obtain good transparency performance [25] . Therefore, the idea of combining the passivity-based control scheme with four-channel architecture is developed to achieve simultaneous stability and good transparency performance [15] , [26] .
The great nonlinearities and uncertainties of the master/slave subsystems with multi-degree-of-freedom are another main challenge for bilateral teleoperation system [27] . The prescribed performance control design with barrier Lyapunov function is introduced to provide the good transient-state performance with additional synchronization constraints [28] - [30] . A switching terminal sliding mode surface is introduced in [31] , where the fuzzy logic system is used to approximate the modeling uncertainties for master/slave subsystems. The neural networks are applied with the design of new error transformed variables in [32] to let the tracking errors quickly converge to zero. The neural-networkbased passivity control scheme with the type-2 fuzzy model of master/slave subsystems is designed in [33] and [34] , where the nonlinear teleoperation system is divided into a group of linear models for the implementation of robust control algorithms via mature linear theories.
Though many control strategies have been tried to handle these two performances of the bilateral teleoperation system, to achieve simultaneous stability and good trans- parency performance is still challenging [35] . Therefore, focus on these two performances, an RBFNN(Radial Basis Function Neural Network)-based adaptive sliding mode control (ASMC) design is developed in this paper. The reference trajectory producer is designed in both the master and slave sides to produce the passive reference trajectories for the tracking of master/slave manipulators, and the RBFNN-based adaptive sliding mode controller is designed separately for the master and slave to achieve the good tracking performance under system uncertainties, where the enrollment of sliding mode control scheme has the advantage of fast convergence. A projection mapping by saturation function is applied in the master side to guarantee the boundedness of the delayed environmental torque, which mitigates the negative effect of transmission delays on the system's stability. Thus, the global stability and good transparency performance including the position tracking and force feedback can be simultaneously achieved for our proposed method. The comparative experiment is implemented and the results verify the significant performance improvement with our proposed control design.
The rest of this paper is organized as follows. Section II introduces the definition of RBFNN. Section III introduces the modeling of nonlinear bilateral teleoperation system. Section IV presents an RBFNN-based adaptive sliding mode control design in bilateral teleoperation system with the detailed stability and transparency analyses. Section V implements the experiment, and the comparative results verify the superiorities of proposed design. Section VI summarizes the whole paper.
II. THE DEFINITION OF RBFNN
With the characteristic of universal approximation, the RBFNN(Radial Basis Function Neural Network) algorithm has been widely used in the control design of the modeluncertain systems [36] . The definition is introduced in details as follows.
Definition 1: The RBFNN is a forward neural network consisting of 3 layers with u inputs, n hidden nodes and 1 output, as shown in Fig.2 .
Define the input of RBFNN as:
Then the Gaussian function is obtained as:
where || • || is the Euclidean norm of
Therefore, the output of RBFNN is derived as:
where
ε is the estimation error, and ε ≤ε.
III. BILATERAL TELEOPERATION SYSTEM MODELING
Consider the following nonlinear master/slave teleoperation manipulators: (5) and (6) can be written in the form of RBFNN as: 
IV. CONTROL DESIGN FOR NONLINEAR BILATERAL TELEOPERATION SYSTEM
A. CONTROL SCHEME
The proposed control scheme is shown in Fig. 3 , where the time-varying transmission delays T (t) exist in the communication channel. A reference trajectory producer is designed in the slave side to derive the reference trajectories q sd ,q sd ,q sd with the only delayed master position signal q m (t), and a projection mapping by saturation function is designed in the master side to guarantee the boundedness of the delayed environmental torque signal τ e (t − T (t)), which can effectively mitigate the negative effect of transmission delays on the system's stability. To produce the passive reference trajectory for the tracking of master manipulator and provide the human operator with good force feedback, a reference trajectory producer is designed in the master side. Subsequently, the RBFNN-based adaptive sliding mode controller is designed separately for the master and slave manipulator to achieve the good tracking performance. Thus, the global stability and good transparency performance including position tracking and force feedback is simultaneously achieved.
B. SLAVE CONTROL DESIGN
A reference trajectory producer is designed in the slave, which is a low-pass filter E f (s) = 1/(τ f s + 1) with the input of delayed master position signal q m (t − T (t)), to produce the reference trajectory q sd ,q sd ,q sd for the tracking of slave manipulator. Define the sliding surface as
where k s = k T s > 0 and e s = q sd − q s . Thus, 
where l s > 0, η s > 0,φ s is the RBFNN to estimate the unknown dynamic parameters φ s , and can be written as:
. . , n is the hidden nodes of RBFNN, and ε s is the estimation error satisfying ε s ≤ε s . And the adaptive law can be designed as:
Therefore, the following theorem can be obtained as: 
For V s ≥ 0 andV s ≤ 0, V s is bounded, which means s s andW s are bounded. Furthermore, when s s = 0,V s = 0, according to Lasalle invariance principle, the slave subsystem is asymptotically stable, and s s , e s ,ė s → 0.
The proof is complete.
C. MASTER CONTROL DESIGN
To provide the operator with the bounded environment force feedback transmitted from the slave side via the communication channel, a projection mapping by saturation function is used in the master side, which is to guarantee the boundedness of the delayed environmental torque τ e (t − T (t)). Thus, based on the good control of master manipulator to let q m → q md and the bounded environmental torque, a reference trajectory producer is designed in the master side to produce the passive reference trajectory q md , which can be written as: (18) where M r , C r and G r are the impendence parameters.
Define the sliding surface as
where k m = k T m > 0 and e m = q md − q m . Thus,
which contains the dynamic information of the master manipulator. Then, the master controller τ m can be designed as:
where l m > 0, η m > 0,φ m is the RBFNN to estimate the unknown dynamic parameters φ m , and can be written as:
. . , n is the hidden nodes of the RBFNN, and ε m is the estimation error, ε m ≤ε m . And the adaptive law can be designed as:
Therefore, the following theorem can be obtained as: Theorem 2: With the bounded delayed environment torque, passive reference trajectory produced in (18) , and η m ≥ε m + d m , by utilizing the control law (21) and the adaptive law (23) , all the signals in the master is bounded with e m → 0, and the master subsystem is asymptotically stable by the design The proof is complete. Therefore, the following remarks can be obtained as:
Remark 1: With the saturated projection mapping to guarantee the boundedness of delayed environmental torque, the signals in the whole teleoperation system are bounded. Moreover, with the asymptotically stable of master and slave subsystems guaranteed separately by Theorem 1 and Theorem 2, the overall closed-loop bilateral teleoperation system is stable.
Remark 2: The good position tracking performance is achieved with the convergence of reference trajectory q sd to q m (t − T (t)) via the stable low-pass filter E f (s) and the good tracking performance of slave manipulator guaranteed by Theorem 1. Moreover, the good force feedback performance is achieved with the good impedance behavior in (18) . Therefore, the good transparency performance including position tracking and force feedback is achieved.
V. EXPERIMENT A. EXPERIMENT SETUP
The Phantom Premium haptic devices are the real test platform for our nonlinear bilateral teleoperation system, which are shown in Fig.4 . Each device offers 6 degrees of freedom (3 translational, 3 rotational) in output, and is suitable for the maintenance of trajectory planning and teleoperation applications.
In the experiment, to verify the transparency performance improvement for nonlinear master/slave manipulators in the teleoperation system under time-varying delays, the Joint The experiment with human-enforced motion references is implemented, where the following two controllers are used for the fair comparison as:
C1: The proposed controller with RBFNN-based ASMC and saturated projection mapping. The control law and adaptive law for the master manipulator are selected as (12) and (14) , where η m = 0.25, δ m = 0.05, l m = k m = diag{15, 15}. The impendence parameters are selected as M r = diag{1.5, 1.5}, C r = diag{0, 0}, G r = diag{2 * 9.8, 2 * 9.8} * q md . The control law and adaptive law for the slave manipulator are selected as (21) and (23), where η s = 0.25, 
B. EXPERIMENT RESULT Fig.5-9 show the comparative results of transparency performance with two different controllers.
It can be clearly seen that the position and force signals of the slave manipulator go up to infinity after 7s in Fig.9 , which means the system is not stable with C2 under time-varying delays.
Since the implement of projection mapping in C1, the delayed environmental torque signal is bounded (shown in Fig.5 ), which guarantees the whole signals in the teleoperation system to be bounded. Moreover, with the enrollment of sliding mode control design and the bounded control inputs (shown in Fig.8) , the system has the greater transient response performance, where the convergence time is fast with small orders of magnitude (10 −5 s, shown in Fig.6(a) ), and the position tracking error (shown in Fig.6 ) and force feedback errors (shown in Fig.7 ) are quite small. Therefore, the slave can greatly track the master and provide the human operator with accurate force feedback, even when the joint 1 of manipulator reach a large position at about 16s, which validates the effectiveness of our control design in the improvement of transparency performance for nonlinear bilateral teleopration system with time-varying delays.
VI. CONCLUSION
In this paper, an RBFNN-based adaptive sliding mode control design is proposed for nonlinear bilateral teleoperation system with transmission delays and uncertainties. The reference trajectory producer is designed in both the master and slave sides to produce the passive reference trajectories for the tracking of master/slave manipulators, and the RBFNN-based adaptive sliding mode controller is designed separately for the master and slave to achieve the good tracking performance under system uncertainties. A projection mapping by saturation function is applied in the master side to guarantee the boundedness of the delayed environmental torque, which mitigates the negative effect of transmission delays on the system's stability. Thus, the global stability and good transparency performance including position tracking and force feedback can be simultaneously obtained for our proposed method. Comparative investigation is carried out and the results show that the transparency performance with both position tracking and force feedback is significantly improved by using our proposed control design, while the stability is still guaranteed in the presence of time-varying delays.
